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Abstract
In this paper we study the behavior of the Casimir energy of a "multi-cavity" across the transition from the metallic to the superconducting phase of the constituting plates. Our analysis is carried out in the framework of the ARCHIMEDES experiment, aiming at measuring the interaction of the electromagnetic vacuum energy with a gravitational field. For this purpose it is foreseen to modulate the Casimir energy of a layered structure composing a multi-cavity coupled system by inducing a transition from the metallic to the superconducting phase. This implies a thorough study of the behavior of the cavity, where normal metallic layers are alternated with superconducting layers, across the transition. Our study finds that, because of the coupling between the cavities, mainly mediated by the transverse magnetic modes of the radiation field, the variation of energy across the transition can be very large. 
I. INTRODUCTION
The ARCHIMEDES experiment [1] is designed for testing whether the energy of vacuum fluctuations, foreseen by quantum electrodynamics, contributes to gravity, through the coupling demanded by quantum field theory in curved spacetime [2] [3] [4] [5] , where the Einstein tensor is taken to be proportional to the expectation value of the regularized and renormalized energy-momentum tensor of matter fields. The idea is to weigh the vacuum energy stored in a rigid Casimir cavity made by parallel conducting plates, by modulating the reflectivity of the plates upon inducing a transition from the metallic to the superconducting phase [1] . In order to enhance the effect, a multilayer cavity is considered, obtained by superimposing many cavities. This structure is natural in the case of crystals of type-II superconductors, particularly cuprates, being composed by Cu-O planes, that undergo the superconducting transition, separated by nonconducting planes. A crucial aspect to be tested is thus the behavior of the Casimir energy [6] for a multi-cavity when the layers undergo the phase transition from the metallic to the superconducting phase. Until now only the case of a cavity having a single layer that undergoes the superconducting transition was considered, the other reflecting plate being just metallic (not superconducting), in Refs. [7, 8] . The generalization to the case of a system of coupled superconducting layered cavities is still lacking. With respect to the ARCHIMEDES project the main goal is to study the possibility of enhancing the modulation factor η = ∆Ecas Ecas were ∆E cas is the difference of Casimir energy in normal and superconducting states. The value obtained in Ref. [7, 8] , considering a cavity with a single superconducting layer and a transition temperature of about 1 K is η l ≈ 10 −8 . This value was compliant with a previous experiment devoted to ascertain the vacuum energy contribution to the total condensation energy [9, 10] , but it is not sufficient to prove the weight of the vacuum, because it is in absolute too small. It is therefore necessary to consider high-T c superconductors where condensation energy is much higher and also the absolute value of vacuum energy variation is expected to be correspondingly larger.
On the other hand, in Ref. [11] , considering a cavity based on a high-T c layered superconductor, a factor as high as η h = 4 ⋅ 10 −4 has been estimated, under the approximation of flat plasma sheets at zero temperature, no conduction in normal state (here E cas is the energy of the ideal cavity) and charge density of n = 10 14 cm −2 . The ARCHIMEDES sensitivity is expected to be capable of ascertain the interaction of gravity and vacuum energy also for values lower than η h = 4 ⋅ 10 −4 , up to 1 100 of this value [1] . Clearly it is important to understand more firmly if dealing with layered superconducting structures the modulation depth can be sufficiently high. This is the study of the present paper. Considering in particular the multi-layer cavity, the general assumption adopted so far has been that the Casimir energy obtained by overlapping many cavities is the sum of the energies of each individual cavity. This is true if the distances between neighboring cavities are large (in the sense that the thickness of each metallic layer separating the various cavities is very large with respect to the penetration depth of the radiation field). Of course, this is no longer true if the thickness of these metallic inter-cavity layers gets thinner and thinner. The evaluation of the Casimir energy for such a configuration is the subject of the present study. It is worth stressing that this is only a first step because in the final version ARCHIMEDES experiment will make use of high-T c superconducting oxides with a built-in layered structure, like YBa 2 Cu 3 O 7−x , for which a complete theory is as yet unavailable.
Having this in mind, we start with a thorough analysis of two and three coupled Casimir cavities, made by traditional BCS (low-T c ) superconducting material (niobium), so as to deal with relatively manageable and well established formulas. On trying to preserve a macroscopic approach, we limited our study to thicknesses between 10 and 100 nm. In the following, referring to Fig. 1, d i is the distance of the i − th cavity from the (i − 1) − th, (thickness of the i − th cavity), within the slabs 1, 3 and 5 there is vacuum while the zones 0, 2, 4 and 6 are made of niobium. The thicknesses of the zones 0 and 6 are assumed to be infinite. Although this choice is dictated by simplicity and by the well-established superconducting properties of Nb, this is a first necessary step to prepare future studies aimed at considering the more elaborate case of high-T c superconductors, as required by the roadmap of the ARCHIMEDES experiment.
Section II studies the Casimir energy of a multilayer cavity, while Sec. III evaluates the Casimir energy in the normal and superconducting phases. Variation of the energy in the transition is obtained in Sec. IV, including a detailed numerical analysis of the Matsubara zero-mode contribution. Section V extends this scheme to the three-layer configuration, and concluding remarks are made in Sec. VI, while relevant details are given in the Appendices.
II. THE CASIMIR ENERGY OF A MULTILAYER CAVITY
As it is customary [7, 8] , at finite temperature, the Casimir variation across the transition from a metallic to a superconducting phase is obtained as the difference between the free Casimir energy in the metallic state and the same after the transition to superconducting state takes place: δE(T ) = E n − E s . The energy per unit area of a single cavity, (012) in Fig. 1 , can be written, at finite temperature T , as the sum of the contributions of the transverse electric (T E) and transverse magnetic (T M ) modes (see, for example, [12] ) :
where ξ l = 2πlk B T are the Matsubara frequencies, k B is the Boltzmann constant, l = 0, 1, 2, . . ., the superscript ′ on the sum means that the zero mode must be multiplied by a factor
(ξ l ) are given by (see [12] ):
We point out that our approach captures the relevant length scale of a superconductor, the London penetration depth λ L , through the expression of i (ξ l ) in terms of the correction to the optical conductivity when entering the superconducting state, δσ BCS (iξ), see below and Appendix B. In particular, for
We characterize the properties of the i − th material trough the dielectric function i (ξ l ) and the change in the Casimir energy is given simply by the modification of the (ξ l ) due to the transition [7, 8] . As we said, in the following we report calculations for the case in which the material is Nb and the spacer is vacuum (the modifications introduced by a dielectric spacer deserve a separate study).
To obtain the formulas for two and three cavities we solve the problem by imposing the continuity of the tangential component of the ⃗ E and ⃗ H fields (non-magnetic media) and the normal component of the ⃗ D and ⃗ B at the interface [13, 14] . Thus, for example, in the case of the three cavities (012-234-456) in Fig. 1 we have that the ∆ functions appearing in (1) are the determinant of the matrix of the coefficients M ij (just to give an idea we report the expression for the T M -modes in appendix A) from which it is possible to extract the case of one, two, and three cavities by taking
).
In the following we will omit the subscript T M, T E if no ambiguity is generated. All the formulas for the two cases can be obtained using respectively the T M or T E reflection coefficients. Defining (no summation over repeated indices)
we have for the single cavity (012) in Fig. 1
for two cavities (012 − 234):
and (3) log
and for the three cavities:
In this way, when
012 → 0 and
That is to say, when the two cavities are far away their energy is simply the sum of the individual contributions. In this respect the second term on the right of Eq. (3), I (2) , can be seen as the energy due to the coupling of the two cavities (012) − (234).
T M = E 234 , F 012 = F 234 so that we can omit the subscripts:
For the three cavities (012 − 234 − 456), formulas are written so as to make evident the contribution to the energy resulting from the sum of the energies of the single cavity, with respect to the one coming from the coupling of the two possible pairs of cavities (012 − 234), (234 − 456), and the one coming from the coupling of the three: I (3) . Thus, under the previous hypothesis,
and we can write
In a sense, we are writing the energy as a sum of the energy of the single cavity plus the coupling energy between the nearest neighbor, plus the coupling energy among the second nearest neighbor and so on. In this way we will have a clear indication of the strength of the coupling between the cavities at the various orders. As far as we know this way of displaying the various contribution to the Casimir energy has been obtained for the first time in [15] where the so called T GT G formula (T being the Lippmann-Schwinger T operator an G the translation matrix), is used, see also [16, 17] . In our case it can be simply recovered by observing that the determinant of a N × N complex block matrix can be obtained in terms of the determinants of its constituent blocks [18] .
The Casimir energy in the superconducting phase is obtained by replacing, in the reflection coefficients, the expression of the dielectric function with the corresponding obtained using the BCS theory [19, 20] , see Appendix B. In the following we will characterize the dielectric properties of the material by means of the Drude model (but see conclusions):
for conducting materials and
where the expression of δσ BCS (iξ) is given in Appendix B (see [20] ).
Thus
where
s,T E,T M are the generating functions (this nomenclature denotes here just the determinant of the matrix whose zeros provide, implicitly, the allowed energies) of the normal and superconducting phases, and, depending on how many cavities we are considering (1, 2, or 3) we must take k = 1, 2, or 3 respectively.
III. CASIMIR ENERGY IN THE NORMAL AND SUPERCONDUCTING PHASES
All results described hereafter are obtained for Nb, and we use the following values for the critical temperature and plasma frequency T c = 9.25 K, ̵ hω nio = 9.268 eV and work at the temperature T = 9.157 K. We start by choosing d 1 = 300 nm, and d 2 = 600 nm, so as to have results that can be compared with standard formulas.
We find for the energy in the normal phase E n , for fixed d 1 , d 2 , and different values of number of Matsubara modes (n mod ):
in the following all the quoted numbers that concern energy or difference of energy are in Thus, at least 500 Matsubara modes are necessary to obtain a result stable at the second decimal digit.
These results can be compared with the approximate result obtained by Bordag et al. [12] 
As expected, because of the strong suppression of the exponential for large d 2 , the contribution of the coupling term between the two cavities (012)- (123) is about ten orders of magnitude smaller than the energy obtained from each cavity. With
we obtain (n mod = 500):
[300, 600] = −2.42035 ⋅ 10
[300, 600] = −2.30743 ⋅ 10 −17 .
Indeed, having d 1 ≪ d 2 , the total energy is simply the sum of the energies of the two cavities:
E n In the superconducting phase we have, more or less, the same behavior: The Casimir energy is always greater than the corresponding energy in the normal phase so that, as expected, the difference is always positive. Once more, the contribution from the energy of the two cavities is much larger than the contribution from the coupling, but "only" by about four orders of magnitude:
[300, 600] = −2.0979⋅10 −12 .
IV. VARIATION OF THE ENERGY ACROSS THE TRANSITION
In computing the difference in energy between the two phases, we find that a few tens (50) of modes are sufficient to obtain good values. This is a consequence of the fact that the high-energy part of the spectrum is essentially the same in the metal and in the superconductor, making the energy difference a quantity that converges much more rapidly than the individual terms, as a function of the upper cutoff in the Matsubara frequency, n mod .
On defining δE (2) + δC (2) , i.e.
=∶ δE (2) + δC (2) as the difference between the terms coming from the energy of the two cavities in the normal and superconducting phase, plus the difference between the values of the coupling in the two phases respectively, we have: We note that δE (2) is of the same order of magnitude of δC (2) , and when 
IV.1. The Matsubara zero-mode contribution
It turns out that this unexpected behavior is due to the contribution from the Matsubara zero mode. This is evident in the following table where we report, for the n − th Matsubaramode, the values of the Casimir energy in the normal and superconducting phase, and their difference (d 1 = d 2 = 100 nm): A close look at the table makes it evident that the result is almost completely due to the contribution of the coupling term of the zero mode. Indeed, C
s,T M is about 3 orders of magnitude larger than the corresponding in the normal case C (2) n,T M while all the other terms are of the same order of magnitude (in some case egual) so that in the difference they cancel each other.
V. ENERGY OF THE THREE-LAYER CONFIGURATION
The behavior discussed in the previous section is confirmed for the three-layer configuration:
To have a comparison between the formulae for two and three cavities let us compute the Casimir energy for the three layer when d 4 is very large. In this case, since the third cavity is distant from the other two, it decouples and the result would be the sum of the energy of a double cavity plus the energy of a third one. Indeed we find:
E 500 n (100, 100, 300) E 
as expected. Of course, this is a consequence of the strong exponential suppression present in this term, see the expression of I (3) in Eq. (5). Taking d 4 = d 1 = d 2 = 100 nm we find E 500 n (100, 100, 100) E thus the contribution due to the coupling of the three cavities is three orders of magnitude larger than in the previous case but still, for the normal Casimir energy, very much smaller than the sum of the energies of the three individual cavities. Once again, things are different when computing the difference between the energy in the normal and superconducting phase. Indeed, in this case the contribution from the n − th mode is, with obvious significance for the indicated symbols: n δE(n, 100, 100, 100) δE (3) δC (2) δC ( We immediately realize that even in this case the energy is due almost completely to the coupling of nearest cavities δC (2) . Note that the δC (3) term is about one order of magnitude smaller than the corresponding δC (2) . Summing on the first n modes we find n mod δE n mod (100, 100, 100) δE (3) δC (2) δC ( For layers 10 nm thick we find:
E 500 n (10, 10, 10) E and δE 100 (10, 10, 10) δE (3) δC (2) δC ( see FIG. 3 where the same fitting curve is overimposed on the data relative to d 1 = 500 nm We conclude that, the contribution from the coupling of the three cavities being so large: δC 3 can turn out to be only one order of magnitude smaller than δC 2 , it will be therefore necessary to analyze the situation of four coupled cavities.
Some comments about the contribution of the T M zero mode are in order at this point (in the following we will analyze the configuration of two coupled cavities but the generalization to three is straightforward). In the ξ ↦ 0 limit, assuming vacuum between the two superconducting layers (see appendix B), one obtains r i,j T M = 1 for both the normal and superconducting case, so that: where d i are measured in nm, K i in nm −1 , and
. We immediately realize that the contribution of the energies of the two cavities E
T M is exactly the same in the normal and in the superconducting phase so that they cancel in the difference. On the contrary the contribution of the interaction terms C (2) T M in the two phases are different thanks to the presence of K 0,n and K 0,s respectively. (Note that the dependence of these two terms on d 1 cancels). Naturally, the strong suppression due to the exponential ensures that the main contribution to the integral comes from small wave numbers k ⊥ (hereafter measured in nm −1 ), taking d 1 = d 2 = 100 nm and α T M,s = −3.011 ⋅ 10 −8 J. However in this case, even though the two terms are very much closer, their absolute value is larger so that they still give a strong contribution to the energy, thus the values of δE is large, see Eqs. (12) and (13) . We expect that this behavior could change when a dielectric is inserted between the two layers.
VI. CONCLUDING REMARKS
In this paper we performed a series of numerical calculations aimed at the computation of the Casimir energy in the normal and superconducting phase for a multilayered cavity. This is of particular interest for the ARCHIMEDES experiment aimed at weighing the vacuum energy of a multi-cavity by modulating the reflectivity of the constituting plates from the metallic to the superconducting phase. As pointed out in [1] with a single cavity and with a standard BCS superconductor a ratio η = ∆Ecas Ecas ∼ 10 −8 is expected. For this value there would be no possibility for the experiment to detect the signal. However, and quite surprisingly, our results are orders of magnitude larger: We obtained a very large contribution from a term resulting from the coupling of nearest neighbor cavities in the superconducting phase. This strong enhancement of η results from the use of a superconducting multi-layer (at least two) structure and it can be attributed to the strong contribution of the T M Matsubara zero mode. From the point of view of the experiment these results are quite promising.
The important role played by the static TM physically arises because, while a static electric field in a superconductor (and in a metal as well) is rapidly screened on short length-scales, the magnetic field parallel to the vacuum-Nb interface can penetrate over a substantial distance, set by the London penetration depth. This length is shortest in clean Nb, but is still of the order of tens of nm, and increases in the presence of impurities. It is not surprising therefore, that the zero-frequency TM mode links the various adjacent cavities, providing a substantial inter-cavity contribution to the Casimir energy. Therefore, in computing the Casimir energy of a large number of overlapping cavities, it is necessary to take into account the contribution from the coupling of pairs of cavities that can lead to a strong enhancement of the effect. This behavior is confirmed in the case of a three-layer configuration where, in addition, the contribution of the coupling of the three cavities turns out to be about one order of magnitude smaller. At this stage we plan to obtain in a future work an estimate of the contribution of (at least) four coupled cavities. Because of the strong contribution of the zero mode we expect to be able to discriminate between the Drude or plasma model in computing the zero-mode contribution for the Casimir energy. We wish to point out that, even though these results are encouraging, the shift in energy is still not as large as needed. Indeed (see [1] , and Refs. therein), to extract the signal we need an energy shift of the order of few joules. With this kind of configuration, even using a very thin layer, of the order of few nanometers, the energy shift is relatively small: δE 100 (1, 1, 1) = 6.371⋅10 −8 This is a consequence of the smooth dependence of δE on d 2 . Indeed, for d 2 ≤ 10 nm, it can be fitted as (see [8] ):
with δE 0 = 9.29 ⋅ 10 −8 , s = 0.92, D = 2.30 nm. Thus, in this way we can gain at most one order of magnitude. This result strongly support our idea of obtaining such an improvement by using high-temperature superconducting oxides, like YBa 2 Cu 3 O 7−x . In this case, in fact, larger areas can be used (two orders of magnitude), a larger number of layer, ∼ 10 6 , can be assembled together, relying on the fine built-in layered structure of cuprates, with thickness of the order of 1 nm. It is possible to work at high temperature, ∼ 100 K (gaining here a factor ten), and, possibly, other two order of magnitude can be gained from ∆T . Of course, this prevision can prove to be too optimistic and for this reason the extension of the present analysis to such a situation is underway. Computing the determinant of the minors of dimensions 4, 8, and 12 respectively we obtain Eqs. (2, 3, 5) .
To obtain the reflection coefficients for the zero mode we have to compute the limit ξ → 0. In this way, considering that in the 1, 3, and 5 regions there is vacuum, we find .
